r Adenosine and dopamine (DA) are neuromodulators in the carotid body (CB) chemoafferent pathway, but their mechanisms of action are incompletely understood.
r Using functional co-cultures of rat CB chemoreceptor (type I) cells and sensory petrosal neurons (PNs), we show that adenosine enhanced a hyperpolarization-activated cation current I h in chemosensory PNs via A2a receptors, whereas DA had the opposite effect via D2 receptors.
r Adenosine caused a depolarizing shift in the I h activation curve and increased firing frequency, whereas DA caused a hyperpolarizing shift in the curve and decreased firing frequency.
r Acute hypoxia and isohydric hypercapnia depolarized type I cells concomitant with increased excitation of adjacent PNs; the A2a receptor blocker SCH58261 inhibited both type I and PN responses during hypoxia, but only the PN response during isohydric hypercapnia.
r We propose that adenosine and DA control firing frequency in chemosensory PNs via their opposing actions on I h .
Abstract Adenosine and dopamine (DA) act as neurotransmitters or neuromodulators at the carotid body (CB) chemosensory synapse, but their mechanisms of action are not fully understood. Using a functional co-culture model of rat CB chemoreceptor (type I) cell clusters and juxtaposed afferent petrosal neurons (PNs), we tested the hypothesis that adenosine and DA act postsynaptically to modulate a hyperpolarization-activated, cyclic nucleotide-gated (HCN) cation current (I h ). In whole-cell recordings from hypoxia-responsive PNs, cAMP mimetics enhanced I h whereas the HCN blocker ZD7288 (2 μM) reversibly inhibited I h . Adenosine caused a potentiation of I h (EC 50 ß 35 nM) that was sensitive to the A2a blocker SCH58261 (5 nM), and an ß16 mV depolarizing shift in V ½ for voltage dependence of I h activation. By contrast, DA (10 μM) caused an inhibition of I h that was sensitive to the D2 blocker sulpiride (1-10 μM), and an ß11 mV hyperpolarizing shift in V ½ . Sulpiride potentiated I h in neurons adjacent to, but not distant from, type I cell clusters. DA also decreased PN action potential frequency whereas adenosine had the opposite effect. During simultaneous paired recordings, SCH58261 inhibited both the presynaptic hypoxia-induced receptor potential in type I cells and the postsynaptic PN response. By contrast, SCH58261 inhibited only the postsynaptic PN response induced by isohydric hypercapnia. Confocal immunofluorescence confirmed the localization of HCN4 subunits in tyrosine hydroxylase-positive chemoafferent neurons in tissue sections of rat petrosal ganglia. These data suggest that adenosine and DA, acting through A2a and D2 receptors respectively, regulate PN excitability via their opposing actions on I h .
Introduction
Neurotransmission in the mammalian carotid body (CB), the major arterial chemoreceptor organ, involves a complex interplay of excitatory and inhibitory neurotransmitters that help shape the afferent discharge in the carotid sinus nerve (Iturriaga & Alcayaga, 2004; Nurse, 2005 Nurse, , 2010 Iturriaga et al. 2009; Kumar & Prabhakar, 2012; Nurse & Piskuric, 2013) . The purines, ATP and its breakdown product, adenosine, are among the neurochemicals whose roles are predominantly excitatory (Nurse, 2005 (Nurse, , 2010 Conde et al. 2009 Conde et al. , 2012 . For example, ATP is released in a dose-dependent manner from chemoreceptor (type I) cells during hypoxia and stimulates postsynaptic ionotropic P2X2/3 receptors on afferent (petrosal) terminals (Zhang et al. 2000; Prasad et al. 2001; Conde et al. 2012) . ATP can also act presynaptically, via autocrine-paracrine mechanisms on P2Y receptors on type I and/or neighbouring glial-like type II cells (Xu et al. 2003 (Xu et al. , 2005 Murali & Nurse, 2016) . Graded hypoxia also causes an increase in extracellular adenosine, generated in part by the enzymatic breakdown of released ATP by ecto-nucleotidases (Conde & Monteiro, 2004; Conde et al. 2012; Murali & Nurse, 2016; Holmes et al. 2017; Salman et al. 2017) . The predominant excitatory actions of adenosine are thought to occur via postsynaptic A2a receptors (Gauda, 2002; Conde et al. 2009; Bairam et al. 2013) , and/or presynaptic A2a/A2b receptors on type I cells (Xu et al. 2006; Conde et al. 2009 Conde et al. , 2012 Bairam et al. 2013; Livermore & Nurse, 2013) . While different, and sometimes conflicting, mechanisms have been proposed to explain the autocrine-paracrine actions of adenosine on rat CB type I cells (Vandier et al. 1999; Kobayashi et al. 2000; Xu et al. 2006) , virtually nothing is known about the postsynaptic mechanisms by which adenosine excites afferent nerve terminals whose cell bodies reside in the petrosal ganglion.
On the other hand dopamine (DA), perhaps the best studied neurochemical in the CB, is thought to play predominantly an inhibitory role in most species, rabbit being an exception (Gonzalez et al. 1994; Iturriaga & Alcayaga, 2004; Iturriaga et al. 2009 ). In general, DA is synthesized in type I cells and is released in a Ca 2+ -dependent manner during chemoexcitation (Doyle & Donnelly, 1994; Gonzalez et al. 1994; Jackson & Nurse, 1997; Lopez-Barneo, 2003) . DA D2 receptors are present on both type I cells and petrosal chemoafferent nerve fibres (Gauda, 2002; Bairam & Carroll, 2005) . On the presynaptic side, DA has been shown to inhibit the voltage-dependent Ca 2+ current in rabbit type I cells, thereby modulating transmitter release by a negative feedback mechanism (Benot & Lopez-Barneo, 1990) . Consistent with this negative feedback model, D2 antagonists increased basal and hypoxia-evoked catecholamine secretion in the rat CB, while D2 agonists had an inhibitory effect (Conde et al. 2008) . By contrast, little is known about the postsynaptic mechanisms by which DA modulates the afferent nerve discharge.
To learn more about the mechanisms underlying the postsynaptic actions of adenosine and DA in the rat CB, we considered the possibility that their actions, via A2a and D2 receptors respectively, converge on a single target, i.e. the hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channel current I h . HCN channels comprise four homologous subunits (HCN1-4) and can assemble to form homotetramers or heterotetramers that show significant Na + and K + permeability (Biel et al. 2009 ). These channels seem prime postsynaptic targets for modulation by adenosine and DA because: (i) I h channel currents have previously been identified in ß78% of isolated neurons from rat petrosal ganglia ; (ii) HCN channels are known to be modulated by neurotransmitters such as DA and adenosine that alter adenylate cyclase activity and intracellular cAMP levels (Vargas & Lucero, 1999; He et al. 2014) ; (iii) HCN channels play key roles in regulating spontaneous activity, firing frequency, resting potential and input resistance in a variety of cells including cardiac pacemaker cells and sensory neurons (Vargas & Lucero, 1999; Accili et al. 2002; Doan et al. 2004; He et al. 2014); and (iv) there is a report that HCN2 and HCN4 subunits are expressed in tyrosine-hydroxylase (TH)-positive chemoafferent neurons in the rat petrosal ganglia (Buniel et al. 2008) . To facilitate the present study, we used an established co-culture model of isolated rat type I clusters and dissociated petrosal neurons (PNs) (Zhang et al. 2000 (Zhang et al. , 2009 Prasad et al. 2001; Zhang & Nurse, 2004) , where functional synapses develop de novo and chemosensory neurons can be identified during exposure to hypoxia or hypercapnia.
Methods

Ethical approval
Animal handling procedures and tissue dissections conformed to the guidelines of the Canadian Council on Animal Care (CCAC) and were approved by the Animal Research Ethics Board (AREB) of McMaster University. Animals were housed in the McMaster Central Animal Facility under constant 12:12 h light-dark cycle and had ad libitum access to food and water. The experiments comply with the principles and regulations for reporting animal experiments in The Journal of Physiology as previously described (Grundy, 2015) .
to those described in detail elsewhere Zhang et al. 2000; Prasad et al. 2001; Zhang & Nurse, 2004) . Briefly, rat pups 9-14 days old (Wistar, Charles River, Quebec, Canada) were first rendered unconscious by a blow to the back of the head and then killed immediately by decapitation. The carotid bifurcations were excised and placed immediately in nutrient medium at ß4°C. Individual CBs were then dissected, cleaned of adhering tissue and exposed for ß1 h to a physiological salt solution containing 0.1% trypsin (Sigma-Aldrich, Oakville, Ontario, Canada) and 0.1% collagenase (Gibco, Grand Island, NY, USA) at ß35°C. The tissues were then mechanically dissociated and the resulting cell suspension was plated on modified tissue culture dishes pre-coated with a thin layer of Matrigel (BD Biosciences, Mississauga, Ontario, Canada). The cells were cultured at 37°C in a humidified atmosphere of 95% air/5% CO 2 for periods of 2-7 days. Co-cultures were produced by adding dissociated PNs to a pre-existing monolayer of dissociated CB cells that were plated 2-3 days earlier. Petrosal neurons were obtained by enzymatic dissociation of petrosal ganglia that were isolated at the same time as the CBs (see above), following dissection of the tissue rostral to the carotid bifurcations. The growth medium consisted of F-12 nutrient medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1% glutamine, 0.3% glucose and 3 μg ml −1 insulin. All cultures were grown at 37°C in a humidified atmosphere of 95% air/5% CO 2 . Electrophysiological recordings from co-cultures were usually carried out 3-6 days after the neurons were plated.
Perforated-patch whole-cell recording
All electrophysiological experiments were performed using the nystatin perforated-patch technique and the procedures for data acquisition and analysis were similar to those described in detail in previous studies from this laboratory Zhang et al. 2000 Zhang et al. , 2009 Prasad et al. 2001; Zhang & Nurse, 2004) . Membrane potential and ionic currents were recorded with the aid of an Axopatch 1D or a dual headstage MultiClamp 700B patch clamp amplifier and a Digidata 1200 or 1322A analog-to-digital converter (Axon Instruments Inc., Foster City, CA, USA), and stored on a personal computer. Data acquisition and analysis were performed using pCLAMP software (versions 6.0.2 and 9.0; Axon Instruments). In some experiments, the dual headstage permitted simultaneous recordings from a 'presynaptic' type I cell within a cluster and a juxtaposed 'postsynaptic' PN. Results are represented in the text as mean ± SEM. For statistical analysis, ANOVA was used for multiple comparisons; the level of significance was set at P < 0.05.
Solutions and drugs
Electrophysiological experiments were carried out in extracellular fluid (ECF) of the following composition (mM): NaCl, 110; KCl, 5; CaCl 2 , 2; MgCl 2 , 1; glucose, 10; sucrose, 10; NaHCO 3 24; at pH ß 7.4 maintained by bubbling with 5% CO 2 . Pipette solutions for perforated-patch, whole-cell recording contained (mM): potassium glutamate or gluconate, 115; KCl, 25; NaCl, 5; CaCl 2 , 1; HEPES, 10 and nystatin (300 μg ml −1 ), at pH 7.2. The pore-antibiotic nystatin was dissolved in DMSO (30 mg ml −1 ), vortexed for ß30 s, sonicated for 5 min and kept as a stock solution at −20°C for 1 week; fresh nystatin solutions were prepared before each recording session. The culture was continuously perfused under gravity flow and the fluid level in the recording chamber was kept constant by removal of excess fluid using suction. Hypoxic solutions (P O 2 ß 15-20 mmHg) were prepared by bubbling N 2 gas into the ECF and the hypoxic stimulus was applied to the cells with the aid of a rapid perfusion system utilizing a double-barrelled pipette as described previously Zhang et al. 2000; Prasad et al. 2001; Zhang & Nurse, 2004) . In the case of hypercapnic solutions, the ECF was bubbled with 10% CO 2 and the pH was held constant at 7.4 by increasing the bicarbonate concentration to 48 mM (equimolar substitution with NaCl). In these experiments the temperature of the recording chamber was kept relatively constant at ß35°C.
The drugs adenosine, dopamine, dibutyryl cAMP, forskolin, ZD7288, SCH58261 and sulpiride were purchased from Sigma-Aldrich (Oakville, ON, Canada).
Application of agonists and antagonists
Adenosine and dopamine was freshly prepared in a 10 mM stock solution of ECF and then diluted to its final concentration just before use. Agonists were applied to petrosal somas by a 'fast perfusion' system utilizing a double-barrelled pipette assembly as previously described Zhang et al. 2000; Prasad et al. 2001; Zhang & Nurse, 2004) . One barrel contained adenosine or dopamine at the desired concentration and the other contained ECF. Fast exchange between pipettes, aided by an electromechanical switch (Piezo Systems Inc., Woburn, MA, USA), allowed for rapid application of the agonists. Antagonists were applied together with agonists in some experiments or perfused with the ECF in others.
Confocal immunofluorescence
Rat pups (2-3 weeks-old) were first anaesthetized by intraperitoneal administration of sodium pentobarbital (55 mg kg −1 ). Then the animals were killed during perfusion fixation. To this end, animals were perfused J Physiol 596.15 via the aorta with PBS followed by fixation with PBS containing 4% paraformaldehyde. The carotid bifurcations and/or petrosal ganglia were excised bilaterally, cleaned of excess tissue before immersion in the same fixative for 4 h at room temperature. Tissues were then washed three times (10 min each) with PBS with constant stirring, followed by overnight incubation in 30% sucrose at 4°C. Sections (ß20 μm thick) were cut in a cryostat, mounted on glass slides coated with 2% silane (Sigma), and stored at −20°C. Prior to immunostaining, tissue sections were rehydrated with PBS, blocked with 1% normal goat serum, and incubated overnight at 4°C with primary antibodies. The following primary antibodies were used; monoclonal mouse anti-TH antibody (MAB 5280; Millipore, Temecula, CA, USA) at 1:2000 dilution; rabbit anti-HCN4 antibody (cat. no. APC-052; Alomone Labs, Jerusalem, Israel) at 1:500 dilution; rabbit anti-HCN2 antibody (cat. no. APC-030; Alomone Labs) at 1:500 dilution. This was followed by washing the sections three times with PBS over 30 min, and incubated in the dark for 1 h at room temperature with the following secondary antibodies: FITC-conjugated goat anti-rabbit antibody (cat. no. 115-095-144; Jackson Immunoresearch Laboratories, West Grove, PA, USA); Texas Red-conjugated goat anti-mouse antibody (cat. no. 111-075-166; Jackson Immunoresearch Laboratories). Finally, sections were washed three times with PBS and mounted in Vectashield Mounting Medium (Vector Laboratories, Burlington, Ontario, Canada). Stained specimens were first examined In Aa, simultaneous recordings from a type I cell in a cluster and a juxtaposed petrosal neuron (PN) show both cell types respond to hypoxia (hox; P O 2 ß15-20 mmHg) with membrane depolarization. In Ab, I h is activated in the same PN during hyperpolarizing voltage steps from −60 to −120 mV, in 10 mV increments; note dibutyryl cAMP (di-cAMP; 10 μM) causes a reversible potentiation of I h in this PN (Ab; middle and right traces). Summary data of steady state I h (I ss ) before, during and after di-cAMP are shown in C (n = 7; P < 0.05 for voltages more negative than −80 mV). In B, forskolin (100 nM) reversibly potentiates I ss in a different chemosensory PN; summary data for effects of forskolin on I ss in chemosensory PNs are shown in D (n = 5; P < 0.05 for voltages more negative than −90 mV).
using standard epifluorescence to identify regions for further examination under confocal microscopy. Confocal images of immunostained cells were obtained using a Leica TCS SP5 II confocal system, equipped with argon and helium-neon lasers. Specimens were scanned in optical sections separated by ß2 μm. Images were cropped and/or rotated in Adobe Photoshop CS3 Extended (version 10.0.1) and figures were compiled in Adobe Illustrator CS3 (13.0.1). In control experiments, the HCN2 and HCN4 primary antibodies were preadsorbed with their respective control blocking peptides (supplied by Alomone Labs) in the ratio 1:3 during overnight incubation at 4°C; in other control experiments the primary antibody was omitted. In all control experiments there was negligible background staining of the tissues.
Results
CB co-cultures containing type I cell clusters and dispersed
PNs were investigated in this study. The co-cultures resembled those described in detail in our previous studies Zhang et al. 2000; Prasad et al. 2001; Zhang & Nurse, 2004) . Perforated-patch recordings were usually obtained from PNs located adjacent or juxtaposed to type I cell clusters. Of those PNs, identified 'chemosensory' ones, i.e. neurons that responded to hypoxia (P O 2 ß15-20 mmHg) or isohydric hypercapnia (10% CO 2 ; pH = 7.4) with sub-or supra-threshold depolarizations, were further characterized for the presence of I h (Fig. 1Aa) . In some cases, simultaneous paired recordings were obtained from the PN and a type I cell in the neighbouring cell cluster, where both cells depolarized during application of the hypoxic stimulus (Figs 1Aa and 2Ab).
Sensitivity of I h in chemosensory PNs to cAMP mimetics and ZD7288
Application of hyperpolarizing voltage steps from a holding potential of −60 mV to identified chemosensory PNs in co-culture routinely elicited a slowly activating inward current characteristic of I h ( Fig. 1Ab and B). This current was reversibly potentiated by the membrane permeable cyclic AMP analogue, dibutyryl cAMP (di-cAMP, 10 μM; Fig. 1Ab , middle trace), and the adenylate cyclase activator, forskolin (100 nM; In recordings from identified chemosensory PNs, as exemplified in Fig. 2Ab , I ss was reversibly inhibited by the specific I h blocker, ZD7288 (2 μM; Fig. 2Aa ). Pooled data from six similar cases showing inhibition of I ss by 2 μM ZD7288 at hyperpolarizing voltage steps are shown in Fig. 2B ; for a voltage step to −140 mV (from a holding potential of −60 mV), the mean I ss was 700.5 ± 49.8 pA before, 428.0 ± 28.3 pA during and 693.5 ± 47.2 pA after In Aa, the steady state I h (I ss ) evoked by hyperpolarizing voltage steps in an identified hypoxia-responsive chemosensory PN (Ab) was reversibly inhibited by the selective I h blocker ZD7288 (2 μM). Summary data of I ss before, during and after ZD7288 are shown in B (n = 6; P < 0.05 for voltages more negative than −90 mV).
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washout of ZD7288, corresponding to ß39% inhibition (n = 6; P < 0.001).
Adenosine augments I h via A2a receptors and causes a depolarizing shift in the voltage dependence of I h activation
Application of adenosine (50 nM to 10 μM) caused a reversible increase in I h in identified chemosensory PNs. Sample traces showing the enhancement of I h evoked by 50 nM adenosine in a hypoxia-responsive PN (hox; Fig. 3Aa ) at various hyperpolarizing potentials are shown in Fig. 3Ab . The effects of increasing doses of adenosine from 50 nM to 10 μM on the percentage increase in I ss for a voltage step to −140 mV are shown in Fig. 3B . The dose-response relation was fitted with the Hill equation and provided an EC 50 of ß35 nM, suggesting the activation of I h by adenosine was mediated via high-affinity A2a or A1 receptors (Fredholm et al. 2001) . Because adenosine A2a receptors in the CB chemoafferent pathway are responsible for ß55% of the effects of exogenous adenosine in increasing ventilation (Conde et al. 2009 ), we tested the effects of the specific A2a blocker, SCH58261 (Fredholm et al. 2001) . As exemplified in Fig. 3Ab (lower traces) , the adenosine-induced potentiation of I h was completely prevented during co-incubation with SCH58261 (5 nM). For a hyperpolarizing voltage step to −140 mV, the mean I ss in a group of five chemosensory PNs was 667.8 ± 30 pA before, 806.2 ± 50 pA during and 644.5 ± 29 pA after exposure to 50 nM adenosine, corresponding to a significant ß23% potentiation of I ss (P < 0.05). By contrast, combined application of 50 nM adenosine plus 5 nM SCH58261 to the same group of cells resulted in no significant effect on I ss ; mean I ss was 630.3 ± 29 pA before, 623.0 ± 28 pA during and 614.2 ± 29 pA after adenosine plus SCH58261 (P > 0.05; n = 5).
The effect of 50 nM adenosine on the voltage dependence of I h activation was determined from an analysis of tail currents, using a two-step voltage clamp protocol similar to that previously described (Bayliss et al. 1994; . Tail currents were elicited at a test potential of −130 mV following conditioning steps to various potentials between −40 and −140 mV from a holding potential of −60 mV. Tail current amplitudes were normalized according to the relationship:
where I max is the maximal inward tail current, I min is the minimal tail current during a step to −40 mV and I v is the tail current during a step to −130 mV following a conditioning pulse to various membrane potentials (V). The I h activation curve was obtained from a plot of the normalized current (I norm ) versus membrane potential (V) during the conditioning pulse, and the data were fitted with a Boltzmann function as follows:
where V ½ is the membrane potential where the current is activated at half-maximum and k is the slope factor.
As illustrated in Fig. 3C , adenosine caused a depolarizing shift in the voltage dependence of I h activation. In a group of six identified chemosensory PNs, the mean V ½ shifted ß16 mV, from −94.6 ± 0.7 mV in control solution to −78.6 ± 0.4 mV (slope factor k = 14.7 ± 0.6) in the presence of 50 nM adenosine (Fig. 3C) ; this shift was completely reversed when adenosine was co-incubated with the specific A2a receptor inhibitor, 5 nM SCH58261 ( Fig. 3C ; open triangles).
DA decreases I h via D2 receptors and causes a hyperpolarizing shift in the voltage dependence of activation
In contrast to adenosine, DA (10 μM) reversibly inhibited I h in chemosensory PNs as exemplified in Fig. 4Aa and Ab. For a group of seven hypoxia-responsive PNs, I ss for a voltage step to −140 mV was 785.7 ± 36 pA before, 467.5 ± 42 pA during and 763.9 ± 45 pA after 10 μM DA (n = 7; P < 0.001), corresponding to ß40% inhibition of I ss .
Because dopamine D2 receptors are the predominant subtype expressed on chemoafferent PNs (Gauda, 2002; Bairam & Carroll, 2005; Conde et al. 2008) , we next investigated whether the effects of DA on I h were sensitive to the specific D2 antagonist, sulpiride. As exemplified in Fig. 4Aa (lower traces) , the inhibitory effect of DA (10 μM) on I h was completely prevented by 1 μM sulphride (n = 7). For a voltage step to −140 mV, I ss was 752.3 ± 47 pA before, 741.7 ± 56 pA during and 755.8 ± 75 pA after 10 μM DA plus 1 μM sulpiride (n = 7; P > 0.05).
The effect of DA (10 μM) on the voltage dependence of I h activation was determined from an analysis of tail currents as described above for adenosine. In contrast to adenosine, DA caused a hyperpolarizing shift in the voltage dependence of I h activation. The mean V ½ shifted ß11 mV, from −91.3 ± 4.5 mV in control solution to −102.6 ± 3.7 mV (slope factor k = 12.9 ± 0.4) in the presence of 10 μM DA ( Fig. 4B ; n = 7, P < 0.01); this shift was completely abolished in the presence of 1 μM sulpiride ( Fig. 4B ; open triangles). In Ab, addition of 10 μM sulpiride to a hypoxia (hox)-responsive PN (Aa), located adjacent to a type I cell cluster, caused a reversible potentiation of I h . By contrast, in Bb, addition of 10 μM sulpiride to a hypoxia-unresponsive PN (Ba), located distant from a type I cell cluster, had no effect on I h . Summary data of the effects of sulpiride on steady state I h (I ss ; for voltage steps to −140 mV) in hypoxia-responsive (n = 7; filled bars) and hypoxia-unresponsive (n = 5; open bars) PNs are shown in C; * * P < 0.01.
Spontaneous DA release tonically inhibits I h in chemosensory PNs in co-culture
Spontaneous DA release from type I cells has frequently been observed in whole isolated CBs and in cultured CB cells (Doyle & Donnelly, 1994; Gonzalez et al. 1994; Jackson & Nurse, 1997) . We therefore wondered whether spontaneous DA release might evoke a tonic inhibition of I h in identified chemosensory PNs in co-culture. Indeed, as exemplified for the hypoxia-responsive PN located near a type I cluster (Fig. 5Aa) , sulpiride alone caused a significant and reversible potentiation of I h (Fig. 5Ab) . By contrast, in 'solitary' PNs located distally from type I clusters and unresponsive to hypoxia (hox; Fig. 5Ba ), I h was unaffected by the presence of sulpiride (Fig. 5Bb) . Summary data of I ss for both hypoxia-responsive and hypoxia-unresponsive PNs before, during and after sulpiride (10 μM) are shown in Fig. 5C for a voltage step to −140 mV; note the significant potentiation of I ss in hypoxia-responsive PNs (n = 7; P < 0.01), but not in hypoxia-unresponsive PNs (n = 5; P > 0.05). These data suggest that spontaneous DA release may normally contribute to the tonic inhibition of I h in the terminals of chemosensory PNs under basal or resting conditions.
Opposite modulation of firing patterns in chemosensory PNs by adenosine and DA
Given the central role of I h in regulating action potential frequency in various cell types (Accili et al. 2002; Biel et al. 2009 ), we next investigated the effects of adenosine and DA on the firing properties of identified chemosensory PN in co-culture. For these experiments, we used higher doses of adenosine (10 μM) to ensure stimulation of high-affinity A2a and low-affinity A2b receptors (Fredholm et al. 2001) , both of which positively couple to adenylate cyclase and are expressed in the CB chemoafferent pathway (Gauda, 2002; Conde et al. 2009 ). As expected, 10 μM adenosine activated I h in identified chemosensory PNs studied under voltage clamp (Fig. 6Aa) . At this dose the mean V ½ for the voltage dependence of I h activation was −84.3 ± 0.5 mV (n = 5), a value not dissimilar to that observed for 50 nM adenosine (V ½ = −78.6 ± 0.4 mV; Fig. 3C ), consistent with activation of a single population of receptors, i.e. A2a receptors. When the same neuron as in Fig. 6Aa was studied under current clamp, hyperpolarizing current pulses of sufficient amplitude induced a depolarizing 'sag' ( Fig. 6Ab ; left traces) characteristic of I h , and depolarizing current pulses induced action potential firing. Application of 10 μM adenosine caused a small . Effects of adenosine on membrane excitability of chemosensory petrosal neurons (PNs) in co-culture A chemosensory PN that showed an enhancement of I h when exposed to 10 μM adenosine (Aa) was subsequently stimulated with depolarizing and hyperpolarizing current injections (Ab). Adenosine caused a small depolarization (ß5 mV) of the resting membrane potential, and a reversible increase in firing frequency in this PN when combined with a constant suprathreshold, depolarizing stimulus (Ab); hyperpolarizing current injections in Ab produced a depolarization 'sag' in the membrane potential that is characteristic of I h . B, effect of adenosine on spike frequency in a group of chemosensory PNs treated as described in Ab (n = 5; * * * P < 0.001).
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ß5 mV depolarization of the resting membrane potential in this cell; however, when adenosine was combined with the same depolarizing current pulse there was a significant and reversible increase in firing frequency ( Fig. 6Ab ; middle and right traces). Summary data for a group of five chemosensory PNs treated in this way are shown in Fig. 6B , where 10 μM adenosine caused an approximately 2-fold increase in firing frequency (P < 0.001). In those cells, 10 μM adenosine alone caused the resting potential to be depolarized significantly by a mean value of 5.6 ± 0.9 mV (n = 5; P < 0.01).
We next investigated the effects of DA (10 μM) on the firing properties of chemosensory PNs. The inhibitory effect of DA on I h was first confirmed in an identified chemosensory PN under voltage clamp (Fig. 7Aa) . In contrast to adenosine, application of DA to this PN caused membrane hyperpolarization (ß6 mV) and a significant decrease in action potential frequency induced by depolarizing current injections (Fig. 7Ab) . Summary data for a group of six chemosensory PNs treated in this way are shown in Fig. 7B , where the presence of 10 μM DA caused an approximately 2-fold decrease in firing frequency (P < 0.001). In those cells, 10 μM DA alone caused the resting potential to be hyperpolarized significantly by a mean of 6.3 ± 0.6 mV (n = 6; P < 0.01).
Role of pre-and postsynaptic adenosine A2a receptors during chemosensory processing in CB co-cultures
Our ability to record both pre-and post-synaptic events simultaneously in CB-petrosal co-cultures allowed us to investigate the role of pre-and post-synaptic adenosine A2a receptors during sensory processing. As exemplified in Fig. 8A and B (left traces), application of a hypoxic stimulus (P O 2 ß15-20 mmHg) elicited a depolarizing receptor potential in a 'presynaptic' type I cell (that was a member of a cell cluster) as well as a supra-threshold 'postsynaptic' response in the juxtaposed PN. Interestingly, perfusion of the culture with the specific adenosine A2a receptor blocker SCH58261 (5 nM) resulted in a significant suppression of both pre-and postsynaptic responses induced by hypoxia ( Fig. 8A and B ; middle traces), and the effect was reversible ( Fig. 8A and B in co-culture A chemosensory PN that showed an inhibition of I h when exposed to 10 μM DA (Aa) was subsequently stimulated with depolarizing and hyperpolarizing current injections (Ab). DA caused a small hyperpolarization (ß6 mV) of the resting membrane potential and a reversible decrease in firing frequency in this PN when combined with a constant suprathreshold, depolarizing stimulus (Ab). B, effect of DA on spike frequency in a group of chemosensory PNs treated as described in Ab (n = 6; * * * P < 0.001).
and after SCH58261 are illustrated in Fig. 8C and D, respectively. These data suggest that adenosine, generated extracellularly during hypoxic stimulation of type I cells, can act presynaptically via an autocrine-paracrine positive feedback mechanism, so as to enhance the receptor potential. Because the reduced postsynaptic PN response seen in the presence of SCH58261 may be attributed simply to the diminished presynaptic receptor potential during hypoxia, these experiments do not resolve whether adenosine can also act postsynaptically on A2a receptors to enhance PN excitability via modulation of I h . The presence of SCH58261 alone caused a small hyperpolarization of the PN (mean ± SEM = 2.7 ± 0.4 mV; n = 5) and type I cell (mean ± SEM = 3.1 ± 0.6 mV; n = 6) resting membrane potential; however, despite these trends the overall effects were non-significant. We next investigated the role of A2a receptors during application of isohydric hypercapnia (10% CO 2 ; pH = 7.4), a stimulus that has previously been shown to evoke transient pre-and postsynaptic depolarizing responses in these co-cultures (Prasad et al. 2001; Zhang & Nurse, 2004) . The presynaptic depolarization is presumed to be mediated via the transient decrease in intracellular pH induced by isohydric hypercapnia in type I cells (Buckler et al. 1991) . Similar to hypoxia, the depolarizing postsynaptic excitatory responses recorded in chemosensory PNs during isohydric hypercapnia were markedly suppressed in the presence of 5 nM SCH58261 as exemplified in Fig. 9A . However, in contrast to hypoxia, the magnitude of presynaptic 'receptor' potential recorded simultaneously in the type I cell from a nearby cell cluster appeared unaffected by SCH58261 (Fig. 9B) . Summary data from similar co-cultures showing the effects of isohydric hypercapnia on type I cell membrane depolarization and PN spike frequency before, during and after SCH58261 are illustrated in Fig. 9C and D, respectively; note the significant effect of SCH58261 on the postsynaptic ( Fig. 9D ; P < 0.001), but not presynaptic ( Fig. 9C ; P > 0.05) responses. Because in two cases the same pair of pre-and postsynaptic cells showed the population pattern when exposed sequentially to hypoxia and isohydric hypercapnia, the difference in the presynaptic responses appears to be stimulus-related. Taken together, these data are consistent with the notion (PN; A, left trace) and a type I cell (B, left trace) that was a member of a cell cluster, following exposure to acute hypoxia (hox; P O 2 ß20 mmHg). Note presynaptic subthreshold depolarization in the type I cell is associated with a suprathreshold postsynaptic response in the PN. Application of the specific A2a receptor antagonist, SCH58261 (5 nM), caused an inhibition of both the pre-and the postsynaptic responses to acute hypoxia (A and B, middle traces), and the effects were reversible (A and B, right traces). Summary data of pre-and postsynaptic responses from several different co-culture preparations are shown in C (n = 6) and D (n = 5), respectively; * * * P < 0.001. 596.15 that extracellular adenosine generated during chemosensory stimulation can act on postsynaptic A2a receptors to regulate firing frequency in PNs, presumably via modulation of I h . They also provide evidence for an autocrine-paracrine positive feedback role for adenosine acting on type I cells, at least under hypoxic conditions.
J Physiol
Expression of HCN2 and HCN4 subunits in rat petrosal ganglia
The expression of HCN1,2,3,4 mRNA was previously reported in rat nodose/petrosal complex and HCN2 and HCN4 immunoreactivity were localized to petrosal chemoafferent neurons in situ (Buniel et al. 2008) . In rat petrosal ganglia extracts alone we confirmed expression of HCN1,2,3,4 using RT-PCR techniques (C. Vollmer and C.A. Nurse, unpublished observations). To confirm localization of HCN2 and HCN4 subunits, we examined tissue sections of rat petrosal ganglia using confocal immunofluorescence. As illustrated in Fig. 10A -C (n = 3), HCN4 immunoreactivity (HCN4-ir) co-localized in many neurons expressing TH-ir, a phenotypic marker for CB chemoafferent neurons (Finley et al. 1992) . However, we found that though HCN2-ir was expressed in many neurons of the petrosal ganglia, there was no significant co-localization with TH-ir ( Fig. 10D-F ; n = 3). We also attempted to localize HCN4 and HCN2 subunits in tissue sections of the rat CB, but the staining quality was not adequate enough to allow firm conclusions to be drawn.
In control experiments, omission of the primary antibodies or preincubation of primary antibodies with excess blocking peptide abolished all immunostaining (n = 2; data not shown).
Discussion
In this study we have uncovered for the first time a unifying mechanism that explains the opposing postsynaptic actions of adenosine and DA on the CB chemoafferent discharge. We show that their actions converge in an antagonistic manner on the function of HCN channels that mediate the cation current (I h ) expressed in petrosal chemoafferent neurons. Because I h is known to play a key role in regulating spontaneous activity and firing frequency in a variety of cell types including including sensory neurons (Vargas & Lucero, 1999; Accili et al. 2002; Doan et al. 2004) , the increase in levels of these neurochemicals at the CB sensory synapse during chemotransduction is proposed to help shape the firing pattern and discharge frequency in petrosal afferent nerve fibres. Pharmacological evidence indicated that the excitatory effects of adenosine and the inhibitory effects of DA on I h were mediated via A2a and D2 receptors, which belong to the family of G-protein coupled receptors that are oppositely linked to adenylate cyclase and accumulation of cAMP through stimulatory Gs and inhibitory Gi/Go, respectively (Fredholm et al. 2001) . Indeed, in concert with the effects of adenosine, we found that agents known to increase intracellular cAMP, e.g. the membrane permeable analogue di-cAMP and forskolin, also enhanced I h in chemosensory PNs. Interestingly, with the aid of a functional CB co-culture model, we obtained evidence for both a pre-and postsynaptic role for adenosine acting through A2a receptors during chemotransduction. Selective blockade of A2a receptors with SCH5826 inhibited both the hypoxia-induced presynaptic receptor potential and postsynaptic petrosal response; by contrast, only the postsynaptic response was inhibited during application of isohydric hypercapnia. Although the latter is a non-physiological stimulus, it proved to be a convenient tool for dissociating responses due mainly to postsynaptic effects. The reasons for this difference are presently unclear although we cannot rule out the possibility that the inhibitory action of SCH5826 is limited to the mild to moderate level of hypoxia used in these experiments and might be overcome under more severe hypoxia. Also, it is noteworthy that unlike hypoxia, isohydric hypercapnia was reported to have negligible effects on intracellular cAMP levels in the rat CB in one study (Nunes et al. 2013) .
In addition, the co-culture model revealed that basal or spontaneous release of DA from type I cell clusters was sufficient to cause tonic inhibition of I h in the soma of juxtaposed PNs. Using confocal immunofluorescence on tissue sections of petrosal ganglia, we confirmed that the majority of TH-positive PNs, which comprise a major fraction of CB chemoafferent neurons (Finley et al. 1992) , expressed HCN4 subunits as previously reported (Buniel et al. 2008) . Because the activity of HCN4 channels is known to be enhanced by binding of intracellular cAMP to a domain in the proximal C terminal (Biel et al. 2009) , it is likely that the excitatory and inhibitory postsynaptic actions of adenosine and DA, respectively, in the CB are mediated via their opposing actions on HCN4-containing ion channels. The activity of HCN2 channels is also enhanced by intracellular cAMP (Biel et al. 2009 ), but in contrast to a previous study (Buniel et al. 2008) , we were unable to confirm the presence of HCN2 subunits in the majority of TH-positive petrosal chemoafferent neurons. Properties of I h in chemosensory PNs and the excitatory effects of adenosine
In a previous study from this laboratory, we characterized I h during random sampling of rat PNs in dissociated cell cultures grown mainly without CB receptor type I cells . In that study, ß78% of neurons expressed a caesium-sensitive I h current that was carried by Na + and K + ions and had a reversal potential of ß −33 mV. Under current clamp, those neurons (as well as the present ones) showed a characteristic feature of I h , i.e. a slowly developing depolarizing 'sag' during application of hyperpolarizing current pulses. A notable difference in the present study is that PNs were co-cultured with type I cell clusters and, importantly, the chemosensory phenotype (i.e. presence of depolarizing response to hypoxia) was first established before further analysis of I h in that neuron. As expected, in identified hypoxia-responsive neurons I h was reversibly inhibited by the specific blocker, ZD7288 (Doan et al. 2004) . In similarly identified chemosensory neurons, adenosine caused a dose-dependent enhancement of I h with an apparent EC 50 of ß35 nM, suggesting the involvement of high-affinity A2a or A1 receptors (Fredholm et al. 2001) . The potentiating effects of adenosine on I h were abolished in the presence of 5 nM SCH58261, a specific A2a receptor blocker (K i < 1 nM in binding studies) that shows only weak affinity for A1 receptors (K i ß 255 nM), and negligible interaction at A2b receptors (K i ß 5 μM) (Fredholm et al. 2001) . Although there was a trend for SCH58261 alone to cause a small hyperpolarization of the resting membrane potential in PNs, as well as type I cells, the overall effect was not significant. It is possible that the hyperpolarizing effects might be significantly larger at petrosal terminals, following blockade of postsynaptic A2a receptors at afferent synapses, because of the high input resistance of terminal branches relative to the soma. These data suggest that A2a receptors were the principal mediators of the adenosine-mediated potentiation of I h , and this is consistent with immunohistochemical evidence demonstrating expression of A2a receptors in rat chemoafferent PNs in situ (Gauda, 2002) . Adenosine also caused a depolarizing shift in the voltage dependence of I h activation; this resulted in an ß16 mV shift in V ½ , a small (ß6 mV) but significant depolarization of the resting potential, and an increase in membrane excitability seen during injections of depolarizing current pulses. Collectively these data provide an explanation for the well-known excitatory effects of exogenous adenosine on carotid sinus nerve discharge observed in both cat and rat CB preparations in vivo and in vitro (McQueen & Ribeiro, 1983; Vandier et al. 1999; Conde et al. 2009 ). Additionally, they are consistent with the evidence supporting a contribution of A2a receptors located on carotid sinus nerve to the hypoxia-induced sensory discharge, as well as the excitatory effects of A2a receptor agonists on ventilation in rats (Conde et al. 2009 (Conde et al. , 2012 . It is also noteworthy that in the isolated rat sinus nerve-CB preparation in vitro, caesium, a non-specific I h channel blocker that was previously shown to be effective in isolated PNs , significantly reduced the nerve response to hypoxia although catecholamine release from type I cells was unaffected (Doyle & Donnelly, 1994) .
Inhibitory effects of dopamine on I h in chemosensory PNs
Although species differences exist, it is recognized that in the rat chemoafferent pathway DA acts predominantly via D2 receptors as an inhibitory pre-and postsynaptic (Conde et al. 2009; Salman et al. 2017) , acts postsynaptically on A2a receptors (A2aR) on petrosal afferent terminals, causing activation of adenylate cyclase (AC) and an increase in intracellular cAMP. In turn, cAMP activates HCN4-containing nonselective cation channels that mediate I h , leading to an increase in petrosal membrane excitability. Adenosine may also act presynaptically via A2aR (and possibly A2bR) on type I cells to increase the receptor potential by a positive feedback mechanism (Xu et al. 2006) . On the other hand, DA acts postsynaptically on D2 receptors (D2R) causing an inhibition of AC, a decrease in intracellular cAMP and inhibition of I h , leading to a decrease in petrosal membrane excitability. Although not shown, DA may also act presynaptically to inhibit type I cells via a negative feedback inhibition of Ca 2+ currents (Benot & Lopez-Barneo, 1990) . Note also that DA and ATP may be released from the same vesicles. Omitted for clarity are the excitatory effects of ATP on petrosal terminals via P2X2/3 receptors, and autocrine-paracrine interactions involving ATP acting on type I cells and neighbouring glial-like type II cells (Nurse, 2014) . [Colour figure can be viewed at wileyonlinelibrary.com]
neuromodulator (Gauda, 2002; Bairam & Carroll, 2005; Iturriaga et al. 2009 ). There is evidence that the presynaptic action of DA is mediated through a negative feedback inhibition of calcium channels (Benot & Lopez-Barneo, 1990) . In the present study we show that DA inhibits I h in chemosensory PNs, causing a hyperpolarizing shift in the voltage dependence of I h activation; this resulted in an ß11 mV shift in V ½ , a small (ß6 mV) hyperpolarization of the resting membrane potential, and a decrease in membrane excitability seen during depolarizing current injections. The effects of DA on I h were prevented during co-incubation with sulpiride, a selective D2 antagonist. Given that stimulation of D2 receptors in the rat CB results in a decrease in intracellular cAMP (Conde et al. 2008) , it is likely that the effects of DA on I h were due to the inhibition of HCN channels following the decrease in cAMP levels in the soma and/or terminals of PNs. We also noted that sulpiride alone potentiated I h in PNs situated adjacent to, but not distant from, type I cell clusters. This suggested that spontaneous or basal release of DA from nearby type I cell clusters caused a tonic inhibition of I h in PNs and presumably a slight hyperpolarization of the resting potential. This action of DA might be expected to increase the input resistance of the nerve terminals, thereby aiding the depolarizing action of EPSPs elicited by fast acting neurotransmitters released during chemotransduction such as ATP (Nurse, 2010) .
Conclusions
The main conclusion from this study is that the postsynaptic effects of adenosine and DA on the chemoafferent discharge of the rat CB are mediated by their opposing actions on HCN channels that carry the I h current. These channels are known to regulate the resting membrane potential, input resistance and firing frequency in a variety of cell types (Biel et al. 2009 ). We propose that adenosine enhances I h in chemosensory PNs and their terminals by stimulating intracellular cAMP production via A2a receptors whereas DA has the opposite effect via D2 receptors. Consequently, the balance between these two opposing cAMP-dependent pathways helps set the resting membrane potential and controls firing frequency during chemotransmission. In agreement with a previous study (Buniel et al. 2008) , we obtained immunohistochemical evidence supporting HCN4 subunits as major contributors to I h in TH-positive petrosal chemoafferent neurons fibres; however, we were unable to confirm a similar role for HCN2 channels as previously reported (Buniel et al. 2008) . A summary diagram of the proposed mechanisms by which adenosine and dopamine modulate chemoafferent signalling at the CB sensory synapse is shown in Fig. 11 . In summary, the present study has identified a new postsynaptic target for controlling chemosensory discharge in the carotid sinus nerve.
This may have clinical relevance in pathophysiological situations where reducing excessive CB afferent discharge and associated sympathetic hyperactivity is thought to have beneficial outcomes (Kumar & Prabhakar, 2012) .
